1. Introduction {#sec1}
===============

Alzheimer\'s disease (AD) is the most common dementia. The previous study showed that it is too late to treat AD patients after the onset of cell death \[[@bib1]\]. Therefore, the therapy should be started at an earlier disease stage when aggregated amyloid-β peptides have still not formed senile plaques \[[@bib2],[@bib3]\]. Recent studies have suggested that soluble amyloid-β oligomers (AβOs) impair the ability of learning and memory through dysregulation of synaptic plasticity in the hippocampus \[[@bib4], [@bib5], [@bib6]\]. To obtain a potential clue to find a way to improve the initial deficit of leaning ability, investigating how neurotoxic AβOs alter the synaptic function in early AD has attracted great attention. There are many studies about AβOs-induced intracellular signaling pathways via a variety of synaptic targets of AβOs, such as NMDA (N-methyl-D-aspartate)-type glutamate receptor (NMDAR), metabotropic glutamate receptor 5 and α7 nicotinic acetylcholine receptor, which impair long-term potentiation (LTP) expression \[[@bib5],[@bib7]\]. Nevertheless, how the location and movement of AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)-type glutamate receptors (AMPARs) change remains elusive. LTP is a long-lasting enhancement of the postsynaptic response after high-frequency stimulation and has been regarded as a cellular basis of learning and memory \[[@bib8],[@bib9]\]. For LTP expression, an increase in the surface number of AMPARs is critical. AMPARs are tetramers composed of combinations of four subunits (GluA1-4), and mediate fast excitatory synaptic transmission in the central nervous system \[[@bib10]\]. In mature hippocampal CA1 neurons, GluA1/GluA2 and GluA2/GluA3 heteromers are predominantly expressed \[[@bib11],[@bib12]\]. Intriguingly, some studies showed that GluA1 homomers are likely to appear at synapses during the induction of LTP \[[@bib13], [@bib14], [@bib15], [@bib16], [@bib17]\]. Each type of AMPAR is exocytosed from the inside of dendrites and/or laterally moved from the extrasynaptic membrane to the postsynaptic membrane during LTP \[[@bib18],[@bib19]\]. It is commonly assumed that there are multiple routes of AMPAR subunit-specific delivery to the postsynaptic membrane during LTP \[[@bib17],[@bib20]\]. In this study, we focused on hippocampal LTP and attempted to examine the effects of AβOs on LTP-associated AMPARs dynamics. What type of AMPAR movement is suppressed by AβOs? When and where is the movement affected after the LTP-inducing stimulation? There are few reports to precisely evaluate and quantify AMPARs at multiple time points during LTP expression \[[@bib21]\].

For addressing these issues, we directly visualized the effects of AβOs on AMPAR movements using total internal reflection fluorescence microscopy (TIRFM). TIRFM makes it possible to detect even a single-molecule signal with a high signal-to-noise ratio by reducing the background fluorescence \[[@bib22]\]. In our previous study, we succeeded in the formation of an excitatory postsynaptic-like membrane (PSLM) directly above the glass surface \[[@bib17],[@bib23]\]. This method has enabled us to accurately measure AMPAR amount in PSLM and to live-cell image the lateral movement and exocytosis of fluorescently labeled AMPARs. Under our experimental conditions, the timing and location of individual exocytosis can be recorded for more than 40 min. Taking advantage of this method, we tried to clarify whether AβOs disturb exocytosis of AMPAR before and after LTP induction in a neural cell culture model of the early stage of AD.

2. Methods {#sec2}
==========

2.1. Animals {#sec2.1}
------------

All experimental procedures were carried out in accordance with the NIH guide for the care and use of laboratory animals and the ethical guidelines on animal experimentation of Kyoto University and approved by the local committee for handling experimental animals in the Graduate School of Science, Kyoto University.

2.2. Primary cell culture and transfection {#sec2.2}
------------------------------------------

The methods for preparing primary cultures of hippocampal neurons and transfection of cDNA were described previously \[[@bib17],[@bib23]\]. Briefly, hippocampi were dissected out from E18-20 Wistar rat embryos, treated with 0.1% trypsin (Thermo, 15090-046) and dissociated by trituration with a fire-polished Pasteur pipette. Dissociated cells were seeded on poly-D-lysine- (Merck, P7280) and Neurexin (NRX)-coated glass in Neurobasal medium (Thermo, 21103-049) containing 1% penicillin-streptomycin (Thermo, 15140-122), 0.25% glutamine (Merck, G6392) and 2% B27 Electro (Thermo, 17504-044). Detailed procedures for NRX-coating were described in a previous report \[[@bib23]\]. Plasmids were transfected into days in vitro 10--15 neurons with Lipofectamine 2000 (Thermo, 11668-019). All imaging experiments were carried out 2--3 days after transfection.

2.3. DNA constructs {#sec2.3}
-------------------

Expression vectors for rat GluA1 (flop) or GluA2 (flop) labeled with SEP (super-ecliptic pHluorin) (GluA1-SEP or GluA2-SEP), PSD95 labeled with TagRFPt (PSD95-RFPt), Neuroligin1 with splice insertion A labeled with HA tag (NLG-HA) and NRX1β without splice insertion 4 labeled with human immunoglobulin-Fc region (NRX-Fc) were prepared as described previously \[[@bib17],[@bib23]\]. Expression vectors for GluA1-or GluA2-SEP (GluA-SEP), PSD95-RFPt, and NLG-HA were transfected into neurons. NRX-Fc vector was transfected into HEK293 cells for purification of NRX-Fc protein. Detailed methods to purify NRX-Fc were reported previously \[[@bib23]\]. EGFP expression vector was a generous gift from Professor Y.Tagawa (Kagoshima University, Japan).

2.4. Aβ oligomerization and treatment {#sec2.4}
-------------------------------------

AβOs were prepared from lyophilized Aβ~1-42~ (AnaSpec, AS 20276) using a method similar to those in previous studies \[[@bib24],[@bib25]\]. Synthetic Aβ peptide was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Wako, 083-04231) to a final concentration of 1 mM and incubated for 2 hr at room temperature (RT, 20--25°C) to yield a solution of monomeric peptide. HFIP was then removed in a rotary evaporator (AS ONE, CVE-1AS), and the dried HFIP film was stored at −80°C. The peptide film was resuspended to make a 5 mM solution in DMSO (Nacalai Tesque, 13445-74), sonicated for 10 min, supplemented with Neurobasal medium to yield a final peptide concentration of 100 μM, sonicated for 20 sec 3 times on ice, and incubated for oligomerization overnight at 4°C. AβOs were added into neuronal cultures to yield a final concentration of 1 μM, which was calculated based on the molecular weight of monomer. Live-cell imaging experiments were performed 1--2 days after the application of AβOs. As controls, reverse Aβ~42-1~ (AnaSpec, AS-27276) or vehicle was prepared in the same way.

2.5. Western blotting {#sec2.5}
---------------------

SDS sample buffer without 2-mercaptoethanol was added to AβOs. Samples were separated by electrophoresis on a 15% polyacrylamide gel and transferred to a PVDF membrane (Merck, IPVH00010). For avoiding nonspecific binding of antibodies, the membrane was blocked with PBS containing 0.1% Tween-20 and 5% skim milk for 30 min at RT. The membrane was immunoblotted using mouse monoclonal anti-Aβ antibody (BioLegend, 93049, 1:2000) overnight at 4°C, and HRP-conjugated secondary antibody (Jackson ImmunoResearch, 109-035-098, 1:2500) for 1 hr at RT. Bands were detected by using the SuperSignal West Pico Chemiluminescent Substrate (Thermo, 34080).

2.6. Immunocytochemistry {#sec2.6}
------------------------

Hippocampal cultured neurons on a poly-D-lysine-coated glass coverslip were fixed in PBS with 4% paraformaldehyde for 10 min. Fixed cells were soaked in PBS with 5% normal goat serum and 0.2% Triton-X for 30 min. Next, they were treated with chick polyclonal anti-GFP antibody (Merck, AB16901, 1:1000) and mouse monoclonal anti-PSD95 (Thermo, MA1-046, 1:500) for 1 hr. Then, samples were labeled with secondary Alexa488-conjugated anti-chick IgG (Thermo, A11039, 1:1000) and Alexa568-conjugated anti-mouse IgG (Thermo, A11031, 1:1000) for 30 min. Fluorescence images were captured using a confocal laser scanning microscope (Olympus, FV1000). Serial confocal images were collected at 0.2 μm intervals to create a Z-axis image stack. All procedures were performed at RT.

2.7. Live-cell imaging and electrical field stimulation {#sec2.7}
-------------------------------------------------------

The TIRFM imaging system was composed of an inverted fluorescence microscope (Olympus, IX71) equipped with 100 × NA1.45 TIRFM objective lens, 1.6 × intermediate lens, EM-CCD camera (Andor, iXonEM + DU-897), 488 nm laser (Melles Griot, 85-BCD-020) and 561 nm laser (Coherent, Sapphire 561LP). Data were acquired using MetaMorph software (Molecular Devices). Imaging was performed in the extracellular solution (120 mM NaCl, 2 mM CaCl~2~, 1 mM MgCl~2~, 10 mM glucose, 10 mM HEPES-KOH, pH 7.3) at RT.

For calculating the amount of GluA-SEP on the cell surface, fluorescence images were acquired for 100 ms every 20 sec. For detecting individual exocytosis of GluA-SEP, images were acquired for 100 ms every 2 sec, after 30--60 sec of photo-bleaching to improve the signal-to-noise ratio \[[@bib17],[@bib26],[@bib27]\]. In each experiment, an optimized ND filter was used to minimize the effect of photo-bleaching for long-term imaging. Electrical field stimulation (1 ms, 20--26 V/cm, 300 voltage pulses at 50 Hz) was applied to neurons between platinum electrodes.

2.8. Image analysis {#sec2.8}
-------------------

Acquired images were analyzed using MetaMorph, ImageJ (NIH), and Excel (Microsoft), as described previously \[[@bib28]\]. PSLM area was defined as in a previous study \[[@bib28]\]. A dendritic area without the PSD95-RFPt signal was defined as non-PSLM. The frequency of exocytosis was normalized as the number of events/min/25 μm^2^. Estimated fluorescence intensity at each time point was normalized by the averaged intensity between 0--3 min before the stimulation (−3--0 min). A spine was defined as a protrusion whose length from a dendrite shaft was no greater than 3 μm. A spine or PSD95 cluster density was calculated as the number per length of a dendrite.

2.9. Statistical analysis {#sec2.9}
-------------------------

The sample size in each experiment was determined based on previous publications dealing with live-cell imaging \[[@bib17],[@bib26], [@bib27], [@bib28], [@bib29], [@bib30]\]. In each experiment, N indicates the number of cells. All values are presented as mean ± SEM. The equality of SD was assessed by the F test. Statistical tests were performed using Excel and Kyplot (KyensLab).

3. Results {#sec3}
==========

3.1. Effects of Aβ oligomers on spine morphology {#sec3.1}
------------------------------------------------

AβOs were prepared and characterized by western blotting, as in previous studies \[[@bib24],[@bib25]\] ([Fig. 1](#fig1){ref-type="fig"}A). Bands corresponding to monomer (4.2 kDa), trimer, tetramer, hexamer, and decamer were detected. The most abundant oligomer was tetramer. Next, we applied AβOs to cultured hippocampal neurons expressing EGFP, and immunostained EGFP and endogenous PSD95, a postsynaptic scaffolding protein ([Fig. 1](#fig1){ref-type="fig"}B) \[[@bib31]\]. One day of incubation with AβOs did not dramatically change the dendritic spine density, whereas 8 days of incubation significantly reduced it ([Fig. 1](#fig1){ref-type="fig"}C, [Supplementary Table 1](#appsec1){ref-type="sec"}). Accordingly, the fluorescent intensity and cluster number of PSD95 were not changed after 1 day of incubation with AβOs, while they were also decreased after 8 days of incubation ([Fig. 1](#fig1){ref-type="fig"}C, [Supplementary Table 1](#appsec1){ref-type="sec"}). These results indicate that AβOs caused dendritic spine retraction, leading to reduction of PSD proteins after 8 days of incubation, but not after 1 day.Fig. 1Excitatory postsynaptic structure degenerated not at 1 day but at 8 days after incubation with AβOs. (A) Western blotting analysis of 1 μM human AβOs. The main oligomer was tetramer (arrow). (B) Representative images of immunostained endogenous PSD95 and EGFP expressed in hippocampal neurons. Application of AβOs for 8 days reduced the number of spines compared with that of the vehicle control. PSD95 clusters were distributed in spines (arrows) and dendritic shafts (arrowheads). (C) Quantification of spine density, fluorescence intensity and cluster number of PSD95 by two-tailed Student\'s *t* test (N = 7-8 cells, *\*P* \< .05, *\*\*\*P* \< .001).

3.2. Aβ oligomers suppressed GluA1-SEP increase after LTP induction {#sec3.2}
-------------------------------------------------------------------

We next investigated whether these AβOs inhibit the increase in surface AMPARs during LTP expression. To accurately measure the change of AMPAR amount on the postsynaptic membrane by TIRFM, we formed PSLM on a glass surface coated with Neurexin (NRX) ([Fig. 2](#fig2){ref-type="fig"}A). TIRFM selectively visualizes fluorophores localized very close (100 nm) to a glass surface \[[@bib22]\]. This area is called the TIRFM visualization zone. NRX is a type of presynaptic adhesion molecule that triggers postsynaptic differentiation through binding to Neuroligin (NLG) \[[@bib32],[@bib33]\]. PSLM was formed parallel to the glass surface stably as a model of the postsynaptic membrane. Fluorescence signal changes should not have been influenced by the movement of the cell membrane. These conditions enable us to precisely determine AMPAR localization and the signal intensity in PSLM.Fig. 2One to two days of incubation with AβOs impaired LTP-induced increase in the amount of GluA1-SEP in either PSLM or non-PSLM. (A) Schemes of PSLM and live-cell imaging of GluA1 or GluA2 labeled with SEP (GluA-SEP). While GluA-SEP is fluorescent on the cell surface, the fluorescence is quenched in cytoplasmic vesicles at a low pH. TIRF illumination activates fluorescent molecules within the limited Z-axis depth (about 100 nm), enabling high signal-to-noise detection of signals. (B) Representative images (left) of the GluA1-SEP signal (green) and PSD95-RFPt signal (magenta). PSD95-RFPt was recorded before the stimulation and merged with the time-lapse images of GluA1-SEP. In neurons treated with revAβ, the GluA1 signal increased in PSLM (white arrows) and non-PSLM (white arrowheads). Averaged time courses (right) of GluA1-SEP fluorescence intensity in PSLM (red) and non-PSLM (black) measured every 20 sec before and after the LTP stimulation (black arrows). (C) Statistical analyses of data shown in (B). Averaged fluorescence intensity at each time point in 3 min bin. Significant differences between revAβ and AβOs (Benjamin-Hochberg test), or before and after the stimulation (Dunnett\'s test) are indicated by asterisks (N = 18, 19 cells, *\*P* \< .05, *\*\*P* \< .01).

We used an expression vector of GluA1 or GluA2, which is a constituent of most of the hippocampal AMPARs \[[@bib12]\], labeled with SEP. SEP is a pH-sensitive variant of GFP that emits little fluorescence when it is in a cytoplasmic vesicle at a low pH, and SEP improves the selective detection of fluorescence on the cell surface at a neutral pH \[[@bib34]\]. First, we expressed GluA1-SEP and PSD95-RFPt, and quantified the SEP signal intensity every 20 sec 1--2 days after incubation with AβOs, when most synapses still remain. Then, high-frequency electrical field stimulation to induce LTP was applied to cultured neurons, which causes a rapid increase of the intracellular Ca^2+^ concentration in dendrites \[[@bib17]\].

When a preparation was treated with reverse Aβ~42-1~ (revAβ), whose peptide corresponds to the inverted sequence of Aβ~1-42~, GluA1-SEP signal intensity increased at a few minutes after the stimulation in both PSLM and non-PSLM, and the signal intensity remained high ([Fig. 2](#fig2){ref-type="fig"}B and C, [Supplementary Table 2](#appsec1){ref-type="sec"}). The GluA1-SEP signal increase in PSLM tended to be larger than that in non-PSLM, although a significant difference was not detected ([Fig. 2](#fig2){ref-type="fig"}B). On the other hand, when cultured neurons were treated with AβOs, the GluA1-SEP signal did not increase after the stimulation but rather decreased for about 10 min and then recovered in both PSLM and non-PSLM ([Fig. 2](#fig2){ref-type="fig"}B). Compared with the control condition (revAβ treatment), the GluA1-SEP signal intensity with AβOs was lower in PSLM after the stimulation ([Fig. 2](#fig2){ref-type="fig"}C, [Supplementary Table 3](#appsec1){ref-type="sec"}). Notably, the different effect on GluA1-SEP signal in non-PSLM was detected only at a few minutes after the stimulation ([Fig. 2](#fig2){ref-type="fig"}C, [Supplementary Table 3](#appsec1){ref-type="sec"}). This transient GluA1-SEP decrease after the stimulation may be ascribed to quenching of the intracellular SEP signal in the endoplasmic reticulum (ER) lumen. Previous studies showed that the SEP signal in ER decreases upon intracellular acidification after neuronal activity \[[@bib28],[@bib30]\]. These results indicate that AβOs inhibited the increase in the number of GluA1-containing receptors in both PSLM and non-PSLM during LTP induction. This effect might be a mechanism of AβOs-mediated impairment of learning-related synaptic plasticity.

3.3. Aβ oligomers did not suppress GluA2-SEP increase after LTP induction {#sec3.3}
-------------------------------------------------------------------------

We next investigated whether AβOs inhibited the increase in the amount of GluA2, another type of AMPAR subunit, after LTP induction. In control neurons incubated with revAβ, the GluA2-SEP signal intensity increased gradually after the stimulation in both PSLM and non-PSLM ([Fig. 3](#fig3){ref-type="fig"}, [Supplementary Table 4](#appsec1){ref-type="sec"}). Unexpectedly, even when cultured neurons were incubated with AβOs, the GluA2-SEP signal increased gradually in either area ([Fig. 3](#fig3){ref-type="fig"}, [Supplementary Table 4](#appsec1){ref-type="sec"}). The GluA2-SEP signal increase in AβOs treatment tended to be smaller than that in revAβ treatment, although no significant difference was detected ([Fig. 3](#fig3){ref-type="fig"}, [Supplementary Table 5](#appsec1){ref-type="sec"}). These results indicate that AβOs did not apparently inhibit the increase in the number of GluA2-containing receptors after LTP induction in either PSLM or non-PSLM.Fig. 3AβOs did not inhibit the increase in the amount of GluA2-SEP in both PSLM and non-PSLM after LTP-inducing stimulation. (A) Representative images (left) of the GluA2-SEP signal (green) and PSD95-RFPt signal (magenta). PSD95-RFPt was recorded before the stimulation and merged with the time-lapse images of GluA2-SEP. In control neurons treated with revAβ (top), the GluA2 signal increased in PSLM (white arrows) and non-PSLM (white arrowheads). Averaged time courses (right) of GluA2-SEP fluorescence intensity change in PSLM (red) and non-PSLM (black) measured every 20 sec before and after the stimulation (black arrows). (B) Statistical analyses of data in (A). Averaged intensity at each time point in 3 min bin. Significant differences before and after stimulation (Dunnett\'s test) are indicated by asterisks (N = 17, 19 cells, *\*\*P* \< .01, *\*\*\*P* \< .001). No significant difference between revAβ and AβOs (Benjamin-Hochberg test) was detected.

3.4. The increase of GluA1 exocytosis frequency after LTP induction was suppressed by Aβ oligomers {#sec3.4}
--------------------------------------------------------------------------------------------------

The increase in the amount of GluA1 on the cell surface should be regulated by exocytosis. Taking the results described above into account, we hypothesized that the application of AβOs might affect GluA1 exocytosis during LTP expression. To test this idea, we examined the effects of AβOs on GluA1-SEP exocytosis. We recorded individual exocytosis events in PSLM or non-PSLM and counted the number of events per min before and after the stimulation ([Fig. 4](#fig4){ref-type="fig"}A--C). The location of exocytosis was not in the center of PSLM, but in the periphery, as previously reported \[[@bib17]\] ([Fig. 4](#fig4){ref-type="fig"}A). In control neurons with rev Aβ treatment, the exocytosis frequency transiently increased 0--3 min after the stimulation in both PSLM and non-PSLM compared with that 0--3 min before the stimulation ([Fig. 4](#fig4){ref-type="fig"}B and C, [Supplementary Table 6](#appsec1){ref-type="sec"}). In contrast, the frequency did not change in PSLM or non-PSLM treated with AβOs ([Fig. 4](#fig4){ref-type="fig"}B and C, [Supplementary Table 6](#appsec1){ref-type="sec"}). In PSLM, the exocytosis frequency was significantly lower in AβOs-treated neurons than that with revAβ 0--3 min and 27--30 min after the stimulation, while the exocytosis frequency with AβOs was significantly lower before and after the stimulation in non-PSLM ([Fig, 4](#fig4){ref-type="fig"}C, [Supplementary Table 7](#appsec1){ref-type="sec"}). Thus, LTP-associated exocytosis of GluA1-containing receptors in PSLM and the basal exocytosis in non-PSLM were suppressed. We did not detect significant differences in the amplitude of exocytosed GluA1-SEP signal before and after the stimulation, in PSLM and non-PSLM, and with AβOs and revAβ treatment ([Fig. 4](#fig4){ref-type="fig"}D), suggesting that the number of GluA1 molecules contained in a fusion vesicle is not affected by AβOs and LTP induction. Taking these results together, AβOs selectively suppressed the LTP-associated increase in GluA1 exocytosis frequency.Fig. 4AβOs abolished LTP-associated GluA1 exocytosis in both PSLM and non-PSLM. (A) Representative GluA1-SEP (green) exocytosis (arrows) in PSLM or non-PSLM (left), and the time courses of GluA1-SEP signal intensity (right) before and after the exocytosis (0 sec). PSD95-RFPt (magenta) was recorded before the stimulation and merged with time-lapse images of GluA1-SEP. The signal increased rapidly and then decreased gradually by lateral diffusion and photo-bleaching. (B) Images of GluA1-SEP and PSD95-RFPt before and after the stimulation (left), and kymographs of GluA1-SEP signals (middle). GluA1 exocytosis occurred in both PSLM (white arrows) and non-PSLM (white arrowheads), particularly 1 min after the stimulation (black arrows). Frequencies of GluA1-SEP exocytosis in PSLN (red, left ordinate) and non-PSLM (black, right ordinate) before and after the stimulation (right). (C) Statistical analyses of data in (B). Significant differences between revAβ and AβOs (Benjamin-Hochberg test), or before and after the stimulation (Dunnett\'s test) are indicated by asterisks (N = 23, 23 cells, *\*P* \< .05, *\*\*P* \< .01, *\*\*\*P* \< .001). (D) The intensity of the GluA1-SEP signal in each exocytosis in PSLM and non-PSLM before and after the stimulation. No significant difference was detected by Dunnett\'s test.

3.5. The increase of GluA2 exocytosis frequency after LTP induction was not suppressed by Aβ oligomers {#sec3.5}
------------------------------------------------------------------------------------------------------

We next examined the effects of AβOs on GluA2 exocytosis changes after LTP induction ([Fig. 5](#fig5){ref-type="fig"}A--C). In non-PSLM, the exocytosis frequency increased at 6-9 min after the stimulation in neurons treated with either AβOs or revAβ, while there was no significant increase in PSLM at any time points ([Fig. 5](#fig5){ref-type="fig"}B and C, [Supplementary Table 8](#appsec1){ref-type="sec"}). The overall exocytosis frequency in neurons treated with AβOs was similar to that with revAβ ([Fig, 5](#fig5){ref-type="fig"}B, [Supplementary Table 9](#appsec1){ref-type="sec"}). These results indicate that even when neurons were treated with AβOs, the exocytosis of GluA2-containing receptor increased in non-PSLM 6--9 min after the LTP-inducing stimulation. We also noticed that the amount of individual GluA2-SEP released per exocytosis was similar before and after the stimulation, in PSLM and non-PSLM, and with AβOs and revAβ treatment ([Fig. 5](#fig5){ref-type="fig"}D). Thus, AβOs did not significantly suppress the increase in GluA2 exocytosis frequency after the LTP-inducing stimulation.Fig. 5AβOs did not significantly affect GluA2 exocytosis. (A) Representative GluA2-SEP (green) exocytosis (arrows) in PSLM or non-PSLM (left), and the time courses of GluA2-SEP signal intensity (right) before and after the exocytosis (0 sec). PSD95-RFPt (magenta) was recorded before the stimulation and merged with the time-lapse images of GluA2-SEP. The signal increased rapidly and then decreased gradually by lateral diffusion and photo-bleaching (right). (B) Images of GluA2-SEP and PSD95-RFPt before and after the stimulation (left), and kymographs of GluA2-SEP signals (middle). GluA2 exocytosis occurred in non-PSLM (white arrowheads), especially 8 min after the stimulation (black arrows). Frequencies of GluA2-SEP exocytosis in PSLN (red, left ordinate) and non-PSLM (black, right ordinate) before and after the stimulation (right). (C) Statistical analyses of data in (B). Significant differences before and after stimulation (Dunnett\'s test) are indicated by asterisks (N = 24, 23 cells, *\*P* \< .05). No significant difference between revAβ and AβOs (Benjamin-Hochberg test) was detected. (D) The intensity of the GluA2-SEP signal in each exocytosis in PSLM and non-PSLM before and after the stimulation. No significant difference was detected by Dunnett\'s test.

4. Discussion {#sec4}
=============

In this study, we focused on the effects of AβOs on AMPARs to understand the deficits of learning ability at an initial phase of AD. Here, we performed continuous real-time imaging of the effects of AβOs on GluA-SEP with a high spatiotemporal resolution using our original experimental system \[[@bib17],[@bib23]\]. We showed that AβOs suppressed the increases in GluA1-SEP signal and exocytosis frequency in PSLM, especially right after the LTP-inducing stimulation. AβOs seemed to inhibit the exocytosis of GluA1-containing AMPARs around the postsynaptic membrane in the initial phase of LTP. We also found that AβOs suppressed the basal GluA1-SEP exocytosis in non-PSLM. In contrast, AβOs did not affect GluA2-SEP changes after the stimulation. Thus, the AβOs effect was selective for GluA1 during LTP establishment.

What is different between GluA1 and GluA2? GluA2-containing AMPAR is Ca^2+^ impermeable, while GluA2-lacking AMPAR is Ca^2+^ permeable. The latter also shows higher single-channel conductance \[[@bib9],[@bib19],[@bib35]\]. In the hippocampus, the main GluA2-lacking receptors are likely to be GluA1 homomers, although this idea is still debated \[[@bib35],[@bib36]\]. Plant et al. (2006) reported a rapid increase of GluA2-lacking AMPARs in the early phase of LTP, followed by replacement by GluA2-containing AMPARs \[[@bib13]\]. Previous studies showed direct incorporation of GluA1 into postsynaptic structures during LTP \[[@bib14], [@bib15], [@bib16], [@bib17],[@bib29],[@bib37],[@bib38]\]. In particular, using the same preparation as that used here, we demonstrated that GluA1 homomers were directly exocytosed to PSLM, while GluA1/GluA2 heteromers were exocytosed to non-PSLM, immediately after the LTP-inducing stimulation \[[@bib17]\]. Here, we showed that AβOs suppressed the GluA1-SEP increase but not the GluA2-SEP increase after the LTP-inducing stimulation. Taking all these findings together, we would like to propose the following hypothetical model for postsynaptic dysfunction in the early stage of AD ([Fig. 6](#fig6){ref-type="fig"}). AβOs inhibit the exocytosis of GluA1 homomers into the vicinity of postsynaptic membrane in the initial phase of LTP, impairing LTP induction. AβOs do not disturb the increase in GluA2-containing AMPARs, such as GluA1/GluA2 and/or GluA2/GluA3 heteromers around 6--9 min after LTP induction. We also showed that AβOs inhibit both basal and LTP-associated GluA1-SEP exocytosis in the extrasynaptic membrane, which would supply the extrasynaptic pool of surface GluA1/GluA2 heteromers. The slightly lower increase of GluA2-SEP in neurons treated with AβOs than in those with revAβ might reflect suppression of exocytosis of GluA1/GluA2 heteromers ([Fig. 3](#fig3){ref-type="fig"}).Fig. 6A hypothetical scheme of dysregulation of AMPAR movement in the early stage of AD. AβOs disturb exocytosis of the GluA1/GluA2 heteromers to the extrasynaptic membrane in a basal condition and in LTP, and suppress exocytosis of GluA1 homomers to the periphery of postsynaptic membrane immediately after LTP-inducing stimulation.

Why do AβOs preferentially block the increase of GluA1, but not GluA2? AMPAR subunits are divergent in amino-acid sequences of extracellular amino-terminal domains (ATDs) and cytoplasmic carboxy-terminal domains (CTDs) \[[@bib19],[@bib39]\]. LTP induction in a CA1 pyramidal neuron depends on NMDAR causing Ca^2+^ influx, which subsequently activates protein kinases, such as CaMKII and PKC \[[@bib40],[@bib41]\]. It is well known that CaMKII and PKC directly phosphorylate GluA1 S818 and S831 at CTDs, which increases GluA1 single-channel conductance and promotes GluA1 targeting to PSD. It is possible that extracellular AβOs interact with NMDAR and cause Ca^2+^ dysregulation \[[@bib7],[@bib42],[@bib43]\]. This might cause aberrant activation of CaMKII, PKC, or calcineurin, which leads to AMPAR destabilization or internalization, precluding GluA1 exocytosis from contributing to LTP establishment \[[@bib21],[@bib44]\]. On the other hand, recent studies showed that the ATDs of GluA1, but not GluA2, are necessary for targeting and retention of AMPARs at synapses during LTP \[[@bib45],[@bib46]\]. Extracellular AβOs might bind to ATDs of GluA1 and prevent the incorporation of GluA1-containing receptors into the plasma membrane by an unknown mechanism. Alternatively, extracellular AβOs might be taken up into neurons, and the internalized AβOs might directly or indirectly disturb the interaction between the CTDs of GluA1 and kinases, inhibiting GluA1 exocytosis \[[@bib47]\]. We also note that Whitcomb et al. (2015) reported that intracellular infusion of oligomerized Aβ caused the insertion of GluA1, but not GluA2, into the postsynaptic membrane through PKA-dependent phosphorylation \[[@bib48]\]. This increase in the number of GluA1 on the postsynaptic membrane caused by AβOs might occlude GluA1 exocytosis during LTP.

Certainly, PSLM is an artificial structure and might not express all normal postsynaptic functions. However, postsynaptic proteins, such as PSD95 and homer, accumulate in PSLM, and dynamic changes of AMPARs occur there during LTP, as reported previously \[[@bib17],[@bib23]\]. In addition, normal synapses in a conventional culture preparation show qualitatively similar dynamic changes of GluA1 to those observed in PSLM during long-term depression \[[@bib28]\]. Taking all these facts together, we suggest that PSLM retains critical properties related to synaptic plasticity. We have recently developed methods to visualize individual endocytosis events, and also to form active-zone like membrane on an NLG-coated glass surface \[[@bib49],[@bib50]\]. These methods could also be useful for analyzing the effects of AβOs on endocytosis of AMPARs and presynaptic function in future studies.Research in Context1.Systematic review: Amyloid-β oligomers (AβOs) impair the ability of learning and memory by suppressing induction of synaptic plasticity, such as hippocampal long-term potentiation (LTP) in the early stage of Alzheimer\'s disease (AD). However, little is known about the pathological effects of AβOs on LTP-associated changes of AMPA-type glutamate receptor (AMPAR) amount and exocytosis at the stage before the occurrence of spine retraction.2.Interpretation: We visualized the location and movement of AMPAR subunit GluA1 or GluA2 with a high spatiotemporal resolution, and showed that AβOs preferentially suppress the LTP-associated increase in surface amount and exocytosis of GluA1 (but not GluA2) into postsynaptic and extrasynaptic membranes.3.Future directions: Our findings raise the possibility that AβOs preferentially inhibit the increase in exocytosis of GluA1 homomers into the postsynaptic membrane and suppress the hippocampal LTP expression. Clarification of how AβOs specifically affect GluA1 exocytosis might contribute to therapy for mild memory impairment in early AD.
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